DOPA decarboxylase (DDC; also known as L-amino acid decarboxylase; AADC) is involved in the synthesis of dopamine, norepinephrine and serotonin. Because the mesolimbic dopaminergic system is implicated in the reinforcing effects of many drugs, including nicotine, the DDC gene is considered a plausible candidate for involvement in the development of vulnerability to nicotine dependence (ND). Further, this gene is located within the 7p11 region that showed a 'suggestive linkage' to ND in our previous genome-wide scan in the Framingham Heart Study population. In the present study, we tested eight single nucleotide polymorphisms (SNPs) within DDC for association with ND, which was assessed by smoking quantity (SQ), the heaviness of smoking index (HSI) and the Fagerströ m test for ND (FTND) score, in a total of 2037 smokers and nonsmokers from 602 nuclear families of African-or European-American (AA or EA, respectively) ancestry. Association analysis for individual SNPs using the PBAT-GEE program indicated that SNP rs921451 was significantly associated with two of the three adjusted ND measures in the EA sample (P 5 0.01 -0.04). Haplotype-based association analysis revealed a protective T -G -T -G haplotype for rs921451 -rs3735273 -rs1451371 -rs2060762 in the AA sample, which was significantly associated with all three adjusted ND measures after correction for multiple testing (min Z 5 22.78, P 5 0.006 for HSI). In contrast, we found a high-risk T -G -T -G haplotype for a different SNP combination in the EA sample, rs921451 -rs3735273 -rs1451371 -rs3757472, which showed a significant association after Bonferroni correction with the SQ and FTND score (max Z 5 2.73, P 5 0.005 for FTND). In summary, our findings provide the first evidence for the involvement of DDC in the susceptibility to ND and, further, reveal the racial specificity of its impact.
INTRODUCTION
Cigarette smoking is a highly prevalent and harmful behavior. Annually, tobacco smoking is responsible for approximately three million deaths world-wide (1, 2) , with an estimated 435 000 deaths in the USA alone (3) . More than 98% of tobacco users are cigarette smokers. Although a minority of tobacco smokers do not smoke daily, most do and are physically dependent on nicotine, the primary addictive component of cigarette smoke (4) . Like all substance-dependence disorders, nicotine dependence (ND) has a substantial heritable component. Over the last few decades, many largesample twin studies have concluded that genetics contributes to the risk of becoming a regular smoker (5) . Meta-analysis of its polygenic heritability based on 17 published twin studies indicated that the weighted mean heritability for ND # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oupjournals.org is 0.56 (6) . A familial aggregation study among siblings of nuclear families also suggested that genetics plays an important role in determining the vulnerability to ND (7) . Further evidence comes from biochemical and pharmacological findings showing that genetic factors contribute to differential behavioral and physiological manifestations of nicotine administration among various inbred mouse strains (8 -10) .
The mesolimbic dopaminergic system of the brain has been implicated in the reinforcing effects of nicotine and other substances (11, 12) . In laboratory animals, nicotine increases the release of dopamine and enhances energy metabolism via stimulation of the basal ganglia, especially in the ventral tegmental area and nucleus accumbens, similar to the effects of other addictive drugs such as cocaine, amphetamines and morphine (13, 14) . Imaging studies of the human brain have revealed an association between dopamine activity and smoking. For example, [ 11 C]raclopride positron emission tomography (PET) studies have shown increased dopamine release and L-DOPA uptake in smokers relative to non-smokers (15, 16) . Because of its importance in brain reward mechanisms, polymorphisms within genes involved in the dopaminergic system are reasonable candidates for involvement in the etiology of ND and other substance-dependence disorders.
DOPA decarboxylase (DDC ), also known as aromatic L-amino acid decarboxylase (AADC), catalyzes the conversion of L-DOPA to dopamine and of 5-hydroxytryptophan to serotonin (17) . In addition, DDC is thought to be the sole enzyme responsible for the synthesis of the trace amines 2-phenylethylamine, p-tyramine and tryptamine, considered to act as neuromodulators. The DDC gene, which maps to chromosome 7p11, is 85 kb and contains 15 exons (18, 19) .
Although DDC is not a rate-limiting enzyme in the synthesis of dopamine, norepinephrine and serotonin, it is regulated at both pre-and post-translational levels (20) . This fact, in conjunction with its functions in the biosynthesis of dopamine and serotonin, makes DDC a plausible candidate in the etiology of major psychiatric and drug abuse disorders. Genetic polymorphisms within DDC have been investigated for potential association with schizophrenia (21, 22) , unipolar and bipolar affective disorder (23 -25) and attention deficit hyperactivity disorder (26) , among others. However, to date no study has been reported examining a possible association between the presence of DDC variants and substance dependence, including ND. Further support for investigating the role of DDC in the vulnerability to ND is based on its location within a genomic region on chromosome 7 that showed a 'suggestive linkage' with smoking quantity (SQ) in our previous genome-wide linkage studies in the Framingham Heart Study (FHS) population (Fig. 1A) (27, 28) . Such linkage of SQ to chromosome 7 was further confirmed by our group in a genome-wide permutation linkage analysis on the same FHS cohort (29) . In this study, we analyzed eight SNPs selected almost evenly along the DDC gene in 602 nuclear families of American-American (AA) or European-American (EA) ancestry to determine whether there exists an association of DDC with ND.
RESULTS
Individual SNP analysis using the PBAT-GEE program revealed no significant association with the three adjusted ND measures in the pooled sample. Given the potential genetic differences in ND across racial groups (30), we also analyzed the AA and EA samples separately, finding a significant association for SNP rs921451 with age-and sex-adjusted SQ and heaviness of smoking index (HSI) score under different genetic models in the EA sample (P ¼ 0.01-0.04; Table 1 ). This association remained significant only for the adjusted SQ under the additive model after correcting for multiple testing based on the SNP spectral decomposition approach. In the AA sample, no significant associations for single SNPs with ND measures were found.
The pair-wise D 0 values of the eight SNPs within DDC were generally above 0.86, with some differences noted between the AA and EA samples (Fig. 2) . According to the criteria of Gabriel et al. (31) , two haplotype blocks across DDC were revealed from the linkage disequilibrium (LD) data for these eight SNPs. A first block containing SNPs rs998850 and rs3735273 of 10 kb was the same in both ethnic groups. The second block differed between the AA and EA samples: in the AA sample two SNPs (rs1451371 and rs732215) were assigned to this block which covered 8 kb whereas in the EA sample this second block extended over 47 kb, including SNPs rs1470750, rs1451371, rs7322155, rs3757472 and rs2060762.
Haplotype-based association analysis was performed for different combinations of SNPs within DDC in the AA and EA samples. In the AA sample, we found a major haplotype T -G -T -G (with a frequency of 31.8%) for rs921451 -rs375723 -rs1451371 -rs2060762 that showed a significant inverse association with all three adjusted ND measures (Z ¼ 22.78 to 22.01; P ¼ 0.006 -0.04; Table 2 ). These inverse associations remained significant after Bonferroni correction for testing of five major haplotypes under the dominant model. In the EA sample, this T -G -T -G haplotype was also significantly related to all three adjusted ND measures (Z ¼ 2.01-2.06; P ¼ 0.04-0.045); however, these associations were no longer significant after Bonferroni correction (the adjusted P-value at the 0.05 significance level for four major haplotypes in the EA sample is 0.0125; Table 2 ).
Additional haplotype analysis based on a different SNP combination (rs921451 -rs375723 -rs1451371 -rs3757472) revealed a major T-G -T-G haplotype, with a frequency of 10.8% in the EA sample, that was positively associated with all three adjusted ND measures (Z ¼ 2.73 -2.18; P ¼ 0.005 -0.015; Table 3 ). After Bonferroni correction for testing of five major haplotypes, the association between this T-G -T -G haplotype and both the SQ and Fagerström test for ND (FTND) score remained significant under the dominant model. This SNP combination was not significant in the AA sample.
DISCUSSION
Over the past years, considerable effort has been expended in identifying the genetic bases of ND (reviewed in 28,32 -34). We previously provided evidence for a 'suggestive linkage' of smoking quantity to chromosome 7 in the FHS population (27, 28) . This was subsequently confirmed by a genome-wide permutation linkage analysis on the same dataset (29) . On the basis of these linkage results and with an understanding of the biological functions of the products encoded by the genes within the 7p11 linkage region, we selected DDC for further investigation regarding a possible association with ND.
It has long been known that the mesolimbic dopaminergic system plays a critical role in the reinforcing effects of many drugs, including nicotine. Considering the central role of DDC in the synthesis of dopamine and serotonin, this gene represents a plausible candidate for key involvement in major psychiatric and substance-dependence disorders. Thus far, several studies have been conducted investigating a potential association of DDC variants with unipolar and bipolar Significant P-value after correction for multiple testing is given in italics (i.e. the adjusted P-value at the 0.05 significance level is 0.01). Letters in parentheses indicate the genetic models used for analysis (a, additive; d, dominant; r, recessive model). For the pooled samples, the three ND measures were adjusted for age, gender and ethnicity; for each ethnic-specific sample group only age and gender were used as covariates for the ND measures. Human
disorders, schizophrenia and attention deficit hyperactivity disorder (21,23 -26) . The results have been controversial, and most of the studies have failed to reveal an association. No study reported to date has examined the role of DDC variants in substance-dependence disorders, including ND. We now provide the first evidence for an association with ND and a likely involvement of DDC in the etiology of ND. Single SNP-based association analysis revealed that after correction for multiple testing, rs921451 is significantly related to SQ in the EA sample. Further, we identified a major haplotype T-G -T -G (frequency of 31.8%) for rs921451 -rs375723-rs1451371-rs2060762, which showed a significant negative association, even after Bonferroni correction, with all three adjusted ND measures in the AA sample. In the EA sample, on the other hand, a different SNP combination (rs921451 -rs375723 -rs1451371 -rs3757472) revealed a major haplotype T -G -T -G (frequency of 10.8%) that was positively associated with both SQ and the FTND score after Bonferroni correction. These findings are consistent with the theoretical expectation that haplotype-based analysis is more powerful than single-marker analysis (35, 36) .
It is of considerable interest that the protective T-G -T -G haplotype identified in the AA sample and the high-risk T -G -T -G haplotype in the EA sample share the first three SNPs; only the SNP at the 3 0 end of the DDC gene is different between the two ethnic groups. This suggests that the region toward the 3 0 end of the gene, where rs2060762 and rs3757472 are located, may harbor causative variants leading to different physiological effects of DDC on the vulnerability to ND. Since these two SNPs are intronic, we are not able to prove an immediately functional significance of the SNPs in the involvement of DDC on ND, nor are we able to explain the ethnic-specific effect of the gene as shown by the protective versus high-risk haplotypes in the AA and EA samples, respectively. Further analysis of additional SNPs within the region in strong LD with rs2060762 and rs3757472 may A strength of this study is the number of participants. A relatively small sample size is commonly cited as a reason for failure to replicate findings across multiple studies (37 -39) . Further, in comparing the effects of DDC on the vulnerability to ND, we provide supportive evidence for the postulated interracial genetic differences (40, 41) . The relatively large number of participants in each sub-sample reduces the potential impact of population heterogeneity with regard to lifestyle, social and cultural influences and socioeconomic status, leading to greater power to detect potential associations for genetic variants with ND. Additionally, our association analyses for all ND measures were adjusted for age, sex and race in the pooled sample, and for age and sex in each racial sample to reduce the influence of confounding factors. Such adjustments are essential, as documented in both animal and human studies of nicotine administration and smoking behavior (6, 12, 32) .
In conclusion, the present study is the first to provide evidence for the association of allelic variants of DDC with ND across EA and AA populations. We identified a common protective haplotype (T -G -T -G; 31.8%) for ND in the AA sample and a different, high-risk haplotype (T -G -T -G; 10.8%) for ND in the EA sample. These findings support the hypothesis that DDC plays a significant role in the etiology of ND and suggest a haplotype specificity of DDC across different races.
MATERIALS AND METHODS

Subjects and smoking phenotypes
Participants in the present study were of EA or AA ancestry and were recruited during 1999 -2004 in the USA from the states of Tennessee, Mississippi and Arkansas. Extensive clinical data are available, including demographics (e.g. sex, age, race, relationships, weight, height, years of education and marital status), medical history, smoking history and current smoking behavior, ND and selected personality traits. All participants provided informed consent, and this study was approved by all participating Institutional Review Boards.
Three measures were used to assess ND: SQ (number of cigarettes smoked per day), HSI (0 -6 scale) and FTND score (0 -10 points) (42). Our primary reasons for examining all three measures were: (a) the current lack of consensus regarding the best approach to assess ND as a phenotype and (b) to permit maximum cross-reference with previous studies of ND. The SQ provides a simple, quantifiable index of the amount of consumption (using a 0-3 point compressed format), whereas HSI includes one item addressing quantity (SQ) and another item assessing urgency (i.e. 'How soon after you wake up do you smoke your first cigarette?'). The FTND score includes the HSI and other indicators of propensity to smoke in various situations. The FTND has been accepted as a standard in both clinical and research settings, although recent evidence suggests ND is a broader and more complex construct than it was previously considered to be 43, 44) . Thus, while it is premature to endorse other measures that have received interesting but limited support, we believe it is prudent to examine our genetic findings with respect to the three aforementioned measures. A detailed description of demographic and clinical characteristics for the participants in the study is presented in Table 4 .
DNA samples, SNP selection and genotyping DNA was extracted from peripheral blood samples using kits from Qiagen, Inc. (Valencia, CA, USA). The eight SNPs examined within DDC were selected from the NCBI SNP database with the goal of providing as uniform coverage of the gene as possible. Data on these SNPs, including location within the gene, chromosomal position, minor allele frequency and primer/probe sequences, are summarized in Table 5 and Figure 1C . All SNPs were genotyped using the TaqMan assay in a 384-well microplate format (Applied Biosystems, Inc., Foster City, CA, USA), as described previously (45) . Briefly, 15 ng of DNA was amplified in a total volume of 7 ml containing an MGB probe and 2.5 ml of TaqMan universal PCR master mix. Amplification reaction conditions were 2 min at 508C and 10 min at 958C, followed by 40 cycles of 958C for 25 s and 608C for 1 min. Allelic discrimination analysis was performed on the Prism 9700 Sequence Detection System (ABI, Foster City, CA, USA). To ensure the quality of the genotyping, SNP-specific control samples were added to each 384-well reaction plate.
Statistical analysis
Genotyping consistency for Mendelian inheritance was determined using the PedCheck program (46) . A total of 80 genotyping inconsistencies (66 in the AA sample and 14 in the EA sample) were identified out of approximately 16 300 assays for eight SNPs across all DNA samples (i.e. ,0.5% of the global assay) and were excluded from all subsequent statistical analyses. Pair-wise LD between all SNP markers was assessed using the Haploview program (47) . Associations between individual SNPs and ND measures were determined by the PBAT program (a multivariate extension of the Family Based Association Test, FBAT) (48) using generalized estimating equations (49) . Associations between each ND measure and haplotypes from various SNP combinations were examined using the haplotype FBAT program (50) , with the option of computing P-values of the Z-statistics with the use of Monte Carlo sampling under the null distribution of no linkage and no association. Three genetic models (i.e. additive, dominant and recessive) were tested for individual and multi-locus SNPs (i.e. haplotype) with sex, age and race as covariates in the pooled samples and with sex and age as covariates in the AA and EA samples. The three ND measures (SQ, HSI and FTND scores) were analyzed individually. All significant associations were corrected for multiple testing according to the SNP spectral decomposition (SNPSpD) approach (51) for individual SNP analysis and by applying a Bonferroni correction by dividing the significance level by the number of major haplotypes (frequency .5.0%) for haplotype-based association analysis. 
